An experimental study is carried out on heat transfer in a horizontal liquid annulus at boundary oscillations. e inner boundary is formed by a copper rod that is heated using electric current. e outer boundary is made of an elastic silicone tube brought to oscillations by two electrodynamic vibrators situated symmetrically on the opposite sides. In the absence of vibrations, a classic natural convection is observed. Vibrations excite steady time-average flows in the fluid. e steady flows make the gravity-induced flow structure transform, and the heat transfer is intensified. In the analysis, it is shown that the heat transfer in the studied system is determined by a competition between the natural convection and steady streaming. A domain of parameters is found where the latter dominates.
Introduction
Heat and mass transfer is a key process for many modern technologies. e transfer rate is often a parameter on which the production costs depend. For this reason, the possibility of heat and mass transfer intensification is an actual challenge for modern industries and research. Vibrations can generate new steady states of complex mechanical systems [1] and are successfully applied in modern technologies. One of the vibrational effects that is often encountered in hydromechanical systems is steady streaming [2] .
Steady streaming is a very actual problem for fluid motion in closed oscillating containers, and it is an efficient mean of mass transfer intensification. For example, in [3] [4] [5] , the excitation of steady streaming in liquid droplets was achieved by acoustic levitation. Oscillations of a droplet immersed in the surrounding liquid have a potential for application in liquidliquid extraction [6] . Surfactant accumulation on the droplet interface leads to stagnation [7] that vibrational mixing can potentially prevent. eoretical studies [8, 9] demonstrate that steady flows in an oscillating droplet have the shape of toroidal vortices and lead to the interface renewal by tangential time-average flows. Recent experiments [10, 11] on fluid oscillations in cylindrical and spherical containers with elastic boundaries demonstrate that similar steady flows can be modelled in relatively large containers.
e aim of the present study is to investigate the relation between steady streaming and heat and mass transfer. Previously, Ivanova et al. [12] performed an original experiment where the steady streaming (or forced vibrational convection) was generated by an oscillating disk. ey showed that the vibrational mixing produces an efficient heat transfer and allows achievement of homogeneous temperature distribution in the fluid volume. For a model in the present study, a nonisothermal horizontal coaxial layer is chosen. In a horizontal annulus with a hot inner cylinder, natural thermal convection develops in the form of two symmetric rolls and a hot plume in the region of their contact, above the inner cylinder [13] . If the annulus is vibrated as a whole in the fluid, the thermal vibrational convection develops, which alters the fluid motion, and enhances the heat transfer [14] .
In the present experiments, we consider an annulus between two horizontal concentric cylinders filled with a viscous fluid. e inner cylinder is rigid and hot. e outer cylinder is elastic, and it is kept at a constant temperature via water cooling and brought into oscillations by external electrodynamic actuators.
e average boundary shape is virtually circular. e goal of the work is to study the heat transfer from the inner cylinder to the fluid in the cooling jacket under the condition of oscillating outer boundary. e dimensionless frequency of vibrations, which determines the squared ratio between the characteristic and the viscous lengths, is set relatively low, so as to be of interest for the application to droplet-size systems (see the argumentation in [10] ).
e amplitude parameter is varied in a sufficiently large range. In the analysis of experimental results, a comparison of different vibratory mechanisms is done.
Experimental Setup and Technique
In the experiments, a cylindrical annulus was considered whose outer boundary was made of an elastic silicone tube (1) (Figures 1(a) and 1(b) ) and the inner boundary was formed by a copper cylindrical heat exchanger (2) . On the outer boundary, two rectangular activators (3) were installed symmetrically. e radius of the copper cylinder was R 1 � 7.5 mm and its length l h � 194 mm. e interior dimensions of the silicone cylinder were R 2 � 25.0 mm and L � 200.0 mm, and the thickness of the walls was 2 mm. e annulus gap was h � R 2 − R 1 � 17.5 mm.
e two cylinders were fixed on transparent flanges (4) and sealed hermetically. e copper cylinder was slightly shorter than the working volume in order to avoid heat sinking through the front and rear flanges, and it was fixed equidistantly from the flanges with the help of small plastic cylinders. Each activator consisted of two aluminium plates with length l � 170.0 mm, height d � 20.0 mm, and thickness 1.2 mm. e plates squeezed the silicone wall in a sandwich-like configuration (Figure 1(b) ).
e model was placed in a water-cooling jacket (5), integrated with the flanges, that maintained a constant temperature T 2 of the outer boundary by means of pumping water from a thermostatic bath trough openings (6, 7) . To provide temperature T 1 of the inner cylinder, a nichrome wire was installed in a shaft in the middle of the heat exchanger, and it was powered by a DC supply (8) . e heating power Q was calculated with the values of current I and voltage U measured from the indicators of the power supply, Q � IU. e temperature T 2 was controlled by two thermistors (9) of Pt100 type installed in the front and the rear sides of the jacket.
e temperature difference between the inner and outer boundaries of the annulus, ΔT � T 1 − T 2 , was measured directly by a differential thermocouple of type T (copperconstantan). Its hot junction (10) was put in a narrow groove in the heat exchanger, while the cold junction (11) was immersed in cooling water. e thermometers were connected to a multichannel measuring device Termodat 22K5 (12) (Figure 1(c) ). Temperature was measured with an accuracy of 0.1°C. e discrepancy between the data from the front and the rear thermistors did not exceed the experimental error, which allows us to conclude that the water in the cooling jacket had a uniform temperature distribution. e annulus was filled through an opening (13) in the rear flange with a working fluid, an aqueous solution of glycerol with a concentration of 0.90 was used. e corresponding kinematic viscosities varied in the range ] � (0.73 − 1.90) St depending on temperature. e thermal diffusivity was χ � (9.7 − 9.9) · 10 −4 cm 2 /s. e activators were mechanically connected with the rods of electromagnetic actuators Dunkermotoren STA1112 (14) (Figure 1(c) ). Each actuator was controlled by an amplifier Copley Accelnet ACJ-055-18-S and fed by a DC power supply MASTECH HY5020E.
e position of the actuators was defined by a signal from a generator GSPF-052 integrated in a computer.
e actuators performed synchronous periodic motion and induced vibrations of the activators. As a result, the elastic boundary was periodically contracted and extended along the horizontal axis as shown in Figure 1 (a). e vibration frequency was set at f � 3.00 Hz, and the amplitude varied in the range b � (0 − 11) mm. e oscillations of the opposite activators were symmetric, and the oscillation amplitude of the whole boundary was equal to the span of one activator (Figure 1(a) ). In the experiments, b was found as an average of the values obtained for the left and the right activators, the discrepancy between them did not exceed 0.1 mm.
In order to study the flow structure, the working fluid was seeded with Rilsan light-scattering powder, characterised by particle size of 40 μm and density of 1.03 gr/cm 3 . A transversal cross section of the annulus was illuminated with a light-sheet from a solid-state continuous laser (15) (Figure 1(c) ). e time-average flow structure and velocity were studied using PIV (particle image velocimetry) by the means of the software PIVlab [15] . e images were taken all in the same oscillation phase with a timestep being a multiple of the oscillation period. is way, the time-average velocity was calculated directly. Before the experiments, test runs were performed, which demonstrated that the flow structure reproduced itself in different cross sections along the cylinder axis, except the domains near the flanges. Hence, within the considered range of experimental parameters, the steady flows under the study may be considered effectively two-dimensional.
e sequence of an experiment was as follows. First, the thermostatic bath was set up running until the fluid in the cooling jacket achieved its working temperature, T 2 � 20.0 ± 0.1°C. en, T 2 remained constant during the whole experiment. Second, the heating power Q was adjusted to a constant value, and, depending on Q, it took up to an hour for the system to achieve equilibrium. At that moment, a temperature difference ΔT 0 settled, which corresponded to the case of natural convection, in the absence of vibrations.
e system was maintained at ΔT 0 for more than 15 minutes. en the vibrations were initiated, and their amplitude was increased step by step. On each step, the system needed about 15 minutes to achieve a constant value of ΔT, and then it was maintained at this temperature for 15-20 minutes while the measurements were done.
e temperature values were registered continuously during the entire experiment and processed afterward. Every value of ΔT was averaged over more than 100 instantaneous values. Experiments were then repeated at different Q.
Experimental Results
In the absence of vibrations, due to homogeneous heating along the length of the inner cylinder in the annulus, convection starts. e flow consists of two mirror symmetric Shock and Vibration 3 rolls extended parallel to the cylinder axis (Figure 2(a) ). e fluid streams upwards near the hot inner cylinder and downwards along the cold outer boundary. In the region of contact of the rolls, above the copper rod, an ascending convective plume is observed. is type of convection was studied and described in detail in many studies, e.g., [13] .
In the presence of vibrations, the flow structure dramatically changes; instead of two rolls, we observe a system of multiple rolls of different sizes and intensities (Figure 2(b) ). e larger rolls are distributed along the outer boundary, and the small ones around the inner cylinder. Interestingly, in some local points, the vibratory flows have the inverse direction as compared to the natural convection. In the immediate contact with the inner cylinder, six vorticity peaks are observed (Figure 2(b) ), and according to the regular way of their spatial distribution, it is possible to suggest the presence of two more peaks in the shadow area. In the bottom part of the annulus, four large rolls are distributed regularly and in conjunction with the small rolls.
is regular flow pattern closely resembles to those observed in isothermal oscillating droplets or containers with elastic boundary [8] [9] [10] [11] and should be related to the steady flows due to the boundary oscillations.
e temperature difference between the inner and the outer boundaries ΔT increases with an increase in the heating power Q (Figure 3 ). e highest ΔT values are observed in the case of natural convection ( Figure 3, points  1) . Vibrations lead to a decrease in the temperature difference ( Figure 3 , points 2-5), thus intensifying the heat transfer. e highest vibration amplitude b corresponds to the smallest ΔT.
Analysis of Results

Dimensionless Parameters of the Problem.
Below are defined the dimensionless parameters used in the discussion.
Prandtl number
Nusselt number
where Q m is the molecular heat flux calculated as
λ is the thermal conductivity. Rayleigh number
where h � R 2 − R 1 is the annulus thickness, g is the gravity acceleration, β is the thermal expansion coefficient. Vibrational parameter
where Ω � 2πf is the angular frequency of vibrations. Vibrational Grashof number
Dimensionless frequency
Pulsation Reynolds number
Heat Transfer without Vibration.
e problem of natural convection in an annulus with the hot inner cylinder has been studied by many authors in a wide range of Ra, Pr, and R 2 /R 1 . According to correlations based upon experimental data by different authors, in the range of parameters Ra � 10 3 − 10 8 , Pr � 1 − 10 3 , and R 2 /R 1 � 1.2 − 3.3, the heat transfer by convection may be described by the scaling law Nu ∼ Ra 0.25 [16] [17] [18] . In [16] , for the correlation, the Rayleigh number was calculated with a modified layer thickness
e corresponding dependence reads as follows [16] :
e results of the present experiments reveal a dependence that is close to (10), but does not exactly match it (Figure 4 ). e possible reasons for this discrepancy might be the following: in the present experiments, the annulus is not strictly uniform in width because of the activators (Figure 1(a) ), and the latter may also create an inhomogeneity in the temperature boundary conditions on the outer wall. On the whole, the obtained results witness that we observe the classical convection in the annulus with the hot inner boundary and allow for the further analysis in a more complicated situation with the vibrating outer boundary. [19] , two situations should be distinguished. In the first case, the fluid moves with the container as a solid body. When the temperature field in the fluid bulk is nonhomogeneous, the vibration field excited by oscillations of the container as a whole acts on the fluid-density inhomogeneities induced by nonuniform temperature distribution. In the second case, boundary conditions are nonuniform, and this leads to the formation of a nonuniform pulsation velocity field. en, fluid motion relative to the cavity exists even if the temperature distribution is uniform. Also in this situation, vibrations excite fluid motion when the container is immobile and only a part of it (e.g.,a deformable wall) oscillates.
Heat Transfer at Vibration. According to
In the first case (see [19] , Chapters 1-5), the basic equations of thermovibrational convection, obtained by averaging, include three dimensionless parameters: Ra, R v , and Pr. e dynamics of a nonisothermal system is then determined by the relative contribution of the natural convection (Ra) and the thermovibrational convection (R v ). An example to such situation is vibrations of the horizontal annulus with the hot inner boundary, while both boundaries are rigid [14, 20] . In the second case (see [19] , Chapters 6-9), the equations contain Re p , Pr, and Gr v . e latter may be rewritten as Gr v � Re p ωβΔT. Here, Re p characterises the intensity of the steady streaming, while Gr v is responsible for the thermal vibrational mechanism. e present study belongs to the second case since the container is immobile and the periodic deformation of the outer boundary is the source of oscillations. In most of the present experiments, ωβΔT ∼ 10 −2 − 10 −1 , and one should expect that the thermal vibrational convection will manifest itself only through the second-order effects due to the interaction between the oscillatory flow and inhomogeneous temperature field [19] . An exception is experiments at Q � 27.2 W, where ωβΔT ≲ 1.
Forced vibrational convection (steady streaming) is excited through an isothermal mechanism due to an inhomogeneity, spatial or phasic, in the amplitude of the pulsation velocity [21, 22] . In addition to Re p , it is characterised by ω, which determines the thickness of the viscous boundary layers (Stokes layers). Two limiting situations are possible. First, the high-frequency limit that is formally defined as ω ≫ 1: this means that the oscillating flow may be considered potential outside thin boundary layers on the walls. Second, the low-frequency limit, ω ∼ 1: this means that viscous force is important to the oscillating flow in the entire container volume. As shown in [10, 11] , with an increase in ω, the steady-flow structure transforms. In the high-frequency limit, outside the boundary layers, a flow exists, whose velocity in the direction tangential to the boundary is as follows [22] :
Taking into account that V 0 � bΩ and nondimensionalizing the velocity by ]/h, from (11), one obtains
is gives the meaning of Re p : it determines the dimensionless velocity of steady streaming. e latter is independent of the dimensionless frequency. In the lowfrequency limit, as shown theoretically in [11] , the parameter that determines the magnitude of the dimensionless velocity of the steady flows is
where h is the characteristic size of the container. Both limiting cases are confirmed experimentally in containers with deformable oscillating boundaries [10, 11] .
e analysis of dimensionless parameters shows that in the present experiments, vibrations have two principal effects on the heat transfer. First, they lead to an increase of Nu, as one may see by comparing experimental results at different vibration amplitudes shown in Figure 5 . Second, they reduce dramatically the rate of Nu growth with Ra, so for the highest amplitude (points 5) the index of power is an order of magnitude lower than for the case without vibrations (points 1). Contrary to this, in the case of thermal vibrational convection excited by vibrations of the entire container, vibrations lead to an increase of the rate of Nu growth with Ra [14] . Obviously, the effect of vibrations on the Nu(Ra) dependence is opposite in the two cases. is fact clearly demonstrates that the vibrations influence the system behaviour through a different mechanism (steady streaming, as it will be demonstrated below), and the thermal vibrational mechanism is secondary in the present study.
e approximating curves on the graph approach each other with the increase in the Rayleigh number, this means that the relative effect of vibrations is maximal in the region of smallest Ra.
e intensity of steady streaming at ω � const is determined by the pulsation Reynolds number Re p [19] . e fluid viscosity has a pronounced dependence on the temperature. For this reason, despite all experiments conducted at the constant vibration frequency, the dimensionless frequency varies in the range ω � 30 − 80. According to [10, 11] , where cylindrical and spherical containers with oscillating boundaries were considered, in this range, the dependence on ω was weak. us, one may assume that, for the presently studied system, the main parameter that controls the steady streaming is indeed Re p .
Let us analyse the dependence of Nu on Re p ( Figure 6 ). On the graph, each experimental series has two regions. In the first one, at lower Re p , the vibrations do not produce any effect on the heat transfer, and the Nusselt number is virtually equal to Nu 0 , the corresponding value obtained without vibrations. In the second region, the experimental points follow curve I (Figure 6 ), which is described by the following relation:
e four experimental series that differ in the values of Ra by two orders of magnitude are described by the same scaling law (13) . is means that the steady streaming becomes the dominant mechanism of heat transfer under a high vibrational forcing . is result is consistent with the analysis of parameters based on theory [19] and it supports the idea that the thermal vibrational convection is not important in the considered study.
e threshold value of the pulsation Reynolds number increases with an increase in Ra; this seems reasonable because at high Rayleigh numbers, the competition between the natural convection and the steady streaming is stronger. With the increase in Re p , the steady streaming dominates over the thermal convection. At Re p ≳ 10, all experimental series lie parallel to curve I; however, some scattering is observed between points 2-4 that might be related to some second-order effects mentioned in [19] and to the variation of ω. At Ra ≲ 10 3 , the forced convection excited by the steady streaming dominates over the natural convection in practically the entire range of considered values of Re p (points 1). Note that the extreme left point of series 1 corresponds to Ra � 2.6 · 10 3 .
Conclusion
An experimental investigation of heat transfer has been carried out in a fluid-filled horizontal layer enclosed between two concentric cylinders. e inner cylinder was heated and the outer one maintained at a constant temperature. e wall of the outer cylinder was elastic, and it was brought into oscillations by the means of two electrodynamic actuators situated symmetrically on the left and on the right. e thermal convection observed in the absence of vibrations is described by a scaling law that is in agreement with the correlations found in the literature. When vibrations are applied to the elastic outer boundary of the considered annulus, both the flow structure and the heat transfer rate are altered.
Due to vibrations, steady streaming is excited in the fluid. e intensity of heat transfer increases with the vibration amplitude. e analysis of dimensionless parameters shows that the thermal vibrational convection does not play role in the studied system and the governing vibrational mechanism is steady streaming. On the whole, the dynamics of the nonisothermal fluid is determined by a competition between the natural convection and the forced vibrational convection. e former dominates at small pulsation Reynolds numbers and large Rayleigh numbers, and the latter-on the contrary, at high Re p and small Ra.
In the domain Ra ≲ 10 3 , the vibrational convection dominates, and the Nusselt number Nu is determined solely by Re p . e maximal heat transfer rate enhancement due to vibrations achieved in the present experiments is about a factor of 2.
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